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A search of the pertinent literature on organic electrelyce
attery systems has been conducted to determine which systems, if any,
ight be useful to fuze power supplies.

vaiuatedé in the light of the reguirements necessary for such power
upplies, wers found to be not specifically applicable,

in a gualitative sense. in providing quidance for studies at KCL.

£ study and a list of three anodes, eight solvents, seven solutes, and
even cathodes derived from these data are presented.

The data foeund in the literature,

ut useful only
A pian

O 147 NEPLACES DO PORMN 1875, 1 JAN 64, WRICIE 18

" wOV 30 OBSELETE PON ABMY usH.

UNCLASSIFIED

115
~ Sucurity Classiflicatdon

S

st sl ab e S

FERITR AR

<

NP TSI

?




FO LD Ll i R

Akl

T

L

UNCLZSSIFIED
— Secerity Cioesilicatise o
18, 30 A LiNR 3 LINK © 1
XKEY WOROS
ROL K L a4 ROLE - AoL e -7_-
Organic Electrolyte
Non-~Aqueous Electrolyte
Electrcde Couples
Ancdes
Cathodes
Electrolytic Solu:ions
Solvents
Solutes
116 UNCLASSIFIED
Secwrity Clssaification

=
2
=

o wb] ok L

it

wt P

Wodus,

ah gy




AD
DA-1T061102A34A
AMCMS Code: S501B.11.86000
HDL Proj: 9EC94

HDL.TR-1588

ORGANIC ELECTROLYTE BATTERY SYSTEMS

by
Jetfrey T. Nelson
Carla F. Green

March 1972

US ARMY MLTERIEL COMMAND

HARRY DIAMOND LABORATORIES

WASHINGTON D C 20a3n

— —e

WOSDMID I0W ORUBIQ SrHafE D ttEuT oh v woen




ABSTRACT

A search of the pertinent literature on organic electrolyte
battery systems hkas been conducted to determine which systems,
if any, might be useful as fuze power supplies. The data in
the literature, evaluated in the light of the requirements
necessary for =such power supplies, wexe found to be not
specifically applicable, but useful only in a qualitative
sense in providing guidance for studies at HDL. A nlan cf
study and @ list of three anodes, eight solvents, seven solutes,
and seven cathodes derived from these data are presented.
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1. INTRODUCTION

The storage and low temperature requirements for fuze
pewer supplies have severely limited the nume..r of electro-
chemical systems that can be used for these applications.
Fuze power supplies must activate and operate at -40°F after
10 to 20 years storaae at -65°F to +160°F. At present, the
only liqguid electrolyte enjoying widespread use in fuze
pcwer supplies is the fluoboric acid system. However, the
performence capabilities of this system are limited by corro-
sion anc¢ adhesion problems with the electrode material. Use
of other systems such as ajuecus KOH and liquid ammonia has
beenr 1estricted because oi piroblems occurring at the limit
of the requirecd operating temperature rarge. The aqueous
XOH system generally will not activate at low temperatures,
in addition to having storage stability problems. On the
otter hand, use of ammonia-~base¢d elecirolytes is prevented
by the lrigh temperature vapor pressure problem.

Since the temperature requirements are so severe, and
other promising electrolytes were not availatle, an inves-
tigation cf organic electrolyte systems was undertaken.
Organic electrolytes usually consist of an inorganic solute
dissolved in an organic solvent of very low electrical
conductivity. The conductivity of the complete electrolyte
is also quite low {usually an order of magnitude or more
lower than agueous systems) which is a disadvantage in high-
current-dansity batteries. Hewever, this low conductivity
may be useful in fast-activation reserve batteries where the
initial voltage rise might otherwise ke suppressed by inter-
cell shorting through the electrclyte in the fill channel.
Intercell shorting may be even further reduced by placing
the solute between the electrode plates and £illing the
cell stack with the low conductivity solvent z2ione. Further-
more, organic systems are also potentially very useful in
that higher voltages are possible through the utilization cof
the more active metals as ancde mater‘als. The use of these

metals in aquecus media is restricted due to the presence of
reducible hydrogen ions.

The steadily growing intcrest in organic electreoliyte
battery systems has resulted in numerous investigations
(mostly government sponsored) and severs. general sur-
veys. Unfortunately, none of these has been concernad
with,; or even readily applicable to, fuze power supplies.
Because the requirements for fuze rower supplies are
frequently unique, this survey is an attempt to determine
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which, if any, of the systems pyeviously stud.ed might ke
useful for tnis application. Secondarily, because this

survey ccntains information on all systems previously investi-
gated, it should provide a reference base fcr the evaluation
of future proposals on organic-based systems. It should be
noted here, that with few exceptions the references cited in
the tables pertain to gov.rnment-sponscred contract work. A
list of the companies, agencies, and institutions involved,

as well as a PIC (Power Information Center) sheet and contract
rumoer °idex are given in tables C-I, C-II, and C-III.

2. HDL REDQUIREMENTS

The present approximate performance reguirements of
interest ‘or batteries at HDL are tnreefold: (1) 10 tc 1000

sa/in? for periods from 2 hours to 30 days, (2) 15 to 30 ma/in
for 180 sec with activation in less than 50 msec, and (3) 100

-
to 5% mA/in“ for 180 sec wich activation in 15U msec.

The primarv con~ern of the first requiremcent is energy
"'sity:; i.e., how leng .he battery can produce a given
¢+ -2ntial at a given current density. Normally, energy
..-nsity figures are given irn terms of watt-hours per pound
(whr/1b) or energy per unit weight. Researchers at HDL,
however, are usuxlly more interested in energy per unit
volume because tnhe size of a fuze power supply is normally
mcre critical than its weight. Therefore, data from the
literature will be more useful if sufficient information is

given to allow for the calculation of energy density by
volume.

The second and third requirements are for short-life-
time batteries where, although energy density is of interest,
power density is of primary concern. As i the case of the
first requirement, researchers at HDL are more interested
in volume {or area) density rather than weight density.
Therefore, for any power density data to be of use it must
re convertible into watts per unit volume (or area). This
type of information is normally availablie from the litcrature
cnly where polarization (current density vs. potentiall} data
are given.

Also ot importance, perhaps of primary value, to the
study at HDL will be that information in the literature
concerning chemical and physical behavior. For instance,
the nature of fuze batter-ies and the specifications which
govern their design make certain solvent-solute character-
istics not only desirable but necessary. Therefore this type
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of information can be used to determine which solvent-

solute combinations would be most promising for use in a
particular situation.

3. EVALUATION OF LITERATURE INFORMATION

Any working cell system must contain an electrode couple
in contact with an electrclyte. These componente shculd have
certain desirable characteristics to provide optirum perform-
ance in a fuze power supply. Once these characteristics are
defined, then many of the seemingly unlimited possible candi-

dates can bhe eliminated on the basis of information obtained
from the literature.

3.1 Electrolytes

Since it is ofter desirable tc construct a fuze battery
with the solvent in an ampule and the solute between the
electrode plates, it is necessary to consider them separate~
ly, as well as combined as an electrolytic solution.

3.1.1 Solvents

Table C-IV is a complete listing of the organic solvents
considered in the literature covered. Because one of the
primary (and most easily defined) requirements desired for
a solvent is a low freezing point, these data are included in
this table. Specifications require that the solvent be a

liquid down to -65%F (-54°C). Therefore solvents with

freezing points lower than -65°F are listed in table C-V for
consid~iration in the study to be carried on at HDL.
Additicnal items of data which are of interest, such as con-
dactivities, viscosities, etc. are included in table C-V.

To prevent shorting through the £ill channels found in
most reservs: fuze power sumplies, a solvent must have low
conductivicy. Most organic solvents meet this requirement,

in that conductivities are normally or the order of 10"S

ohm cm or lower. Resistivities {recip.ocal conductivi-
ties) of this magqnitude should be sufficient to prevent a
lowering of voltage during activation and intercell corrosion
during operation. (See appendix A for a brief discussion cof
the terms conductivity and resistivity.) However, it is

also cesicable to have a solvent which forms highly conduc-
tive solutions so that the IR drop between the electrocdes
will be minamized. Solutionr conductivity is usually opti:uam
with solvents characterized bv low viscosities and high
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diglect;ic constants. For example, dimethyl formamide
(viscosity = 0.66 centipoise and dielectric constant =

36.7 at 25°C) forms solutions an order of magr.itude more
conductive than methyl cyanoacetate (viscosity = 2.63

centipoise and dielectric constant = 28 at 25°C). The use
of low-viscosity and/or high-dielectric-constant additives,
such as ethyl ether or ethylene carbonate, has been tried
with some success in improving solution conductivity.

The vapor pressure requirement for the solvent; i.e.,

preferably less than 100 psi at +160°F (71°C), is met by
almost all of the solvents in table C-V. Generally, any

solvent with a boiling point higher than 77°F ( 25°C) will

have a vapor pressure of less than 100 psi at +160°F. In
fact many of the solvents in this table have boiling points

(vapor pressure = 14.7 psi) higher than +160°F.

For fast activation systems, the solvation properties
of the solvent must be such that the solute (between the
electrode plates) must dissolve rapidly, if not instantane-
ously. Generally, a polar solvent (one with a high
dielectric constant) is preferable for rapid dissolution of
inorganic solutes. Also, for fast activation (as well as

for high conductivity, see above) the solvent should have a
low viscosity.

Finally, the lowest cost per kilogram of the solvents
(as found in various chemical catalogues) is listed.
Certainly, low cost is of importance when high volume pro-
duction is the ultimate desired end result of a study.

Study of table C-IV reveals that the dozen most widely

investigated solvents are:
(1) Propylene carbonate (PC)
(2) Dimethylformamide (DMF)
(3) Butyrolactone (BL)
(4) Dimethylsulfoxide (DMSO)
(5) Acetonitrile (AN)
(6) Nitromethane (NM)
(7) Tetrahydrofuran (THF)
(8) Acetone (A)
(9) Nitrosodimethylamine (NDA)

10



(10) Ethy!:.- carbonate (EC)
(11) Methyl formate (MF)
(12} Ethyl acetate (EA)

Of the above listed solvents only DMF, THF, A, MF, EA

and PC-NM mixtures have freezing points lower than -65°F and
of these only MF and the PC-NM mixture have been used in a
"successful" battery system. (See section 3.3 for a dis-
cussion of "successful"” systems.)

3.1.2 Solutes

Table C-VI is a ccmplete listing of the solute materials
considered in the literature covered. The majority of these
materials fall into five general classes of compounds:

3 (1) wimple salts; e.g., alkali and alkaline earth halides:
3 (2} Lew.s acids (electron pair acceptors); e.g., A1C13 and

BF3; (3) Lewis acids combined with alkali halides; e.q.,
LiAlCl4 (AlCl3 and LiCl}; (4) complex fluorides; e.g.,
1 NaPF6 and KBF4; and (5) organically substituted ammonium

salts; e.g., tetraethylammcnium perchlorate. The first four
classes are representad in the ten most commonly studied

solutes:
i (1) I-ic104
: (2) Licl
(3) A1c13
(4) KPF
(5) LiPF6
] (6) LialcCl,
1 (1) LiBF,
(8) NaPF6
(9) LiF
(10) KSCN

The requirements governing the choice of solute materi-
als are compatibility with and sclubility in the sclvent,
lcw cost, and ease of handling. The first two reguirements

11
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are fairly obvious. Certainly the solute must be soluble

in the solvent and it must not react with the solvent to

fcrm any solid or gaseous products. The third requirement
(ease of handling) refers to the problems 2ncountered if

the solute material is gaseous, highly hygroscopic, explosive,
or hazardous in any manner. The solute should be such that

it can be easily handled in, at worst, dry ~oom conditions.

3.1.3 Electrolytic Solutions

Because the ava:lablie power density of a system is,in part,
dependent upon the IR drop between tne electrodes, the
conductivity of the electrolytic sclution used is of primary
concern. Extensive listings of conductivities are in the
literature. For specific solvent-solute combinations, nutual
references in both soivent and solute tables should be
checked. As mentioned earlier, sclutions made with solvents
possessing Ligh dielectric constants and low viscosities
have high conductivities. 1In general, conductivities of
organic ~luctro.ytes are at least an order of magnitudce
lower ¢+ Jqueous systems. The values found in the litera-

ture ° e from 5 x 10 2 to 10 4 ohm 1 cm l. For a given
syste: , maximum conductivity is normalliy obtained at a
concentration of about 1 molar. Above this value, 8 decrease
in conductivity is cbserved, duc probably to the increasing
viscesity of the solution.

It has been shown that in order tc develop limiting

current densities of several hundred mA/cmz, cell spacing
must be on the order cf 10 mils or less, and that norous

electrodes must be thin, since the cell spacing invelved

also inciudes the ion path within the electrode pores.

In addition to having a hith ionic conductivity, the
electrolyte must also have certain other physical and chemi-

cal properties. It nust not freeze above ~-40 F {-40 C) and

must have a reasonablv low vapor pressure at +140°F (+66'C).
This requiremeni{ will certainly e met by all solutions made
with the solivents listed in table C-V. Furthermore, the
electrode materials must be essentially inscluble in, and
chemically inert to, the electrolyte. However, the electrode

reaction products should be scluble to prevent film forma-
tion.

The purity of the electrolvyte can have a marked effect
Japon the performance of the ceil. The presence of im-
purities affects not conly the decompcsition potential of the
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solvent, but also the stability of the electrolyte by
itself or with regard to the electrode materials used. The
me .t common impurity encountered is water, either as an
original constituent of the solvent, or as water of hydra-
tion with the solute or cathode materials. While the
presence of water is usually detrimental, in some cases

small amounts appear to be beneficial to the electrods
reactions.

2.2 Electrode Couples

As with the breakdown of electrolytes into sclvents
and solutes, it is also desirable to consider anode and

cathode materials separately and then to consider them as
a couple.

3.2.1 Anode Materials

Although previously mentioned, it is worth repeating
that one of the advantages of organic electrolytes is that
the active alkali «nd alkaline earth metals can be used as
anodes. (It should also be noted that some Group III
melals have also received consideration as anode materials~-
see table C-VII.) Amcng the desirable characteristics
exhibited by these metals are: 1low equivalent weights, high
half-cell potentials, ard large exchange currents. The
high exchange currents exhibited by these materials usually
yield high rates of reactiorn during discharge, hence lower
polarization, resulting in higher possible current densities.

3.2.2 Cathode Materials

Both inorganic and organic materials have bzen con-
sidered for use as cathodes in organic electrolyte systems--
see table C-VIII. The inorganic compounds most commonly
considered are salts of the light transition mecals (Cr,

Mn, Fe, Co, Ni, Cu, and Zn}, lead, mercury, and silver.
These salts are usually the oxides {inorganic acid anhy-
drides), hualides, sulfides, or sulfates. The organic com-

pounds normaliy consifered are substituted aromatics, most
commonly nitrates.

Among the desirable characteristics for optimum cathode
materials are a small negative free cnergy of fermation and
compatibility with the electrolyte. Also, the material
should be essentially insoluble in the electrolyte, although
at lecast a slight degrec of s0lubility appears to be neces-
sary for electrochomical activity to take place. Ideally,

the material itself should be conductive, although PbO2 and

some nickel sulfides are the cnly common examples cof this.

13
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In some cases, e.dg., thin electrodes for short life
time applications, an electrodepositable material would be
3 desirable to elimina:e the necessity of preparing the
] electrode by sintering or pasting.

In the case where the cathode reaction products are an
insoluble metal ~And a socluble salt {(of the anode metal),

3
3
3
=

e~ + M'X amme—s X~ (soluble) + M'

a situation arises which can lead to improved cathode per-
formance as discharge occurs. That is, as low density,
non-conductive M'X is replaced by high density, conductive

1 M', the electrode becomes more porous and impregnated with
3 a conducting material.

5 3.2.3 Couples

The items of interest concerninc an electrode couple
are: the potential developed by the couple, the obtainable
3 current density at a desired potential, and the lifetime of
1 the couple at a desired current density.

1 The chemical reaction associatad with any given coupie
can be used to determine theoretically several of these
3 characteristics. These include the maximum possible
: potential which can be developed by the couple and its
theoreticel energy densily. (See appendix B for the mathe-
matics involved in these determinations.) In general, an
electrode couple with a high cell potential is one of a
cathode (positive) with a small negative free energy of
formation and an anode {negative) which, together with the
cathode, yields reaction products with large negative free
1 energies of formation.

For a2 high energy density, the electrode materials

shiould have high thecretical charge densities resulting freom
small aquivalent weights.

Table C-IX shows the th:oretical cell potentials for
211 combinations of listed ancdes and cathodes yiel ing
potentials of 2.0 volts or greater. These potentials were
calculated under the assumption that the electrode zouple
reaction is a single replacement only:

M + M'X ew———M' + MX

Gther factors; e.g., another type of reaction or
solvation ‘{complexing} of the products, may cause the couple
to yvield a pctential hicher than that calculated. This

14
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concept is illustrated by the lead-lead dioxide system

~ucrently in use at HDL. If this were a single replacement
reaction; i.e.,

Pb + PbO2 m— Pb02 + Pb

the system would thbeoretically have zero potential. Since
it dees yield a useable potential, something else must be
taking place; in this case, a reaction in which both re-

actants go to the same product, pbt? ionms.

Therefore, table C-IX is a quide only, and should be
ccnsidered in view of the fact that couple potentials can
possibly be higher than those shown. It should also be
noted that, if a couple does react by means of a simple
single razplacement, the potential developed willi be lower
than the value shown due to the ncn-ideality of the reaction.

Availarle data on the current density obtainable from
a given couple (with only a reasonable amount of polariza-
tionjare highly dependent upon electrode construction and
electrolyte composition and purity. Generally, the organic
systems winich arc precently cousidered the most successful

operate in the range of 0.1 to 10 mA/cm® (0.65 to 65 mA/in®).

3.3 Complete Cell Syctems

Although a few companies have advanced systems to a
point where they are making prototype batteries, it is
generally aurced that a completely successful organic
electrolyte battery has not yet been developed. 1In this
case, a “"completely successful" system denctes ore that will
function properly over an on.ire range of specifications
(temperature extremes, shelf life, etc.) for the purpcse for
which it was designed, which might be as a rechargeable
system, a high energy daensiiy, long-lifetime svstem, elc.
iowever, some of these systems may still be acceptaile for

the unique requirements necessary for power suppiies intended
for use in fuzes.

Table C-X is a listinc of those systems which are con-
sidered to be the most successful fer their particular
aprlication. In most cases the containers and packaging for

these batteries are laboratory type fixtures and are not
applicable for field us=2.

A study of this tucle shows that: (1)

in all cases the
active ancde material

is lithium, although the construction

15
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cf the electrode may vary, (2) the cathode materials used
are siiver, nickel, or copper halides, with the exceptions
CuS and ACL~70, and, (3) that the acceptable solvents (in

3 terms of freezing point) are MF, IPA, and the combinations
3 THF, DME and PC, NM.

The da.a given in this table are either taken directly
from the reference cited or calculated from data given in
3 the reference. The information listed is in most cases
only pact of the data in the literature, but is that which
3 is pertinent to the study at HDL only. Any gaps in the table
4 are the result of a lack of data in the literature.

4. DISCUSSION GF REQUIREMENTS

4.1 Long Lifetime, Low Current Drain Applications

s S

This particular paplication presently calls for a
system which will produce from 10 to 10606 pA/in2 for periods
from 2 hours to 30 days.

A

L

Tables C-XI and C-XII reflect the amounts cf active

1 ancde and cathode electrode materials (in g/in2 and thick-
3 ness in mils) needed for this application. These values are

. . . 2 .
calculated on the basis of a 100 uA/in” current drain {or 30
days, assuming that the electrodes react in a single
replacement type reaction. 7o determine the amounts needed

;
for the specified 10 to 100C uA/in” range, use N/10 to 10N
where N is the quantity listed. These values then reflect
the weights and thicknesses required for a 100 percent
efficient discharge of non-porous materials containing no
binding or conductive additives. Since cathode strucrtures
are normally porcus and normally require the active material
tc be combined with a binder and a conductive medium, the
values listed should be increased {reasonably by a factor of
at least 2) to cobtain a more recalistic picture of the cathode
material required.

The values listed for the ancde materials will be
reascnably accurate if the weight ard thickness of any
required suppcrting metal grid is considered.

In order to determine which cathode materials may
provide optimum performance, it is neceszary to determine
priorities among requirements. Because the velum: of the
final Lattery is of primary concern, the material yielding
the thinnest electrade at a given current density should be
given first consideration. However, this approach does not

16
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take the potential developed by the cell into account; i.e.,
a 2-mil thick electrode producting 2 volts is not as
desirable as a 3-mil thick electrode prcducting 4 volts.
Therefore the electrode materials should be considered in
order of decrea.ing potential per unit thickness (volts/mil).
Column 3, table C-XII is a listing of such values theoret-
ically determined as volts {ws Li) per mil for materials

producing 2.0 volts or more for which density information
is available.

Also of primary concern is the solubility of the
cathode material. Generally, a highly or even moderately
soluble material will shorten cell life due to depletion of
cathode material and chemical reaction with the anode.
Information in the literature relating to the solubility of
cathodes usually takes one of twe forms. First, and most
obvious, is that direct infermation on solubility in, and/or
reactivity with, the electrolyte. Second is information on
open-circuit, wet-stand times. The usual cause of failure
in cells during open-circuit stand is dissolution of the
cathode material causing chemical disrharge at the anode.

In a practical sense, tests run at open circuit will be
a simple method cof screening potential cathode-electrolyte
combinations. A cell that will not last for 30 days at

+140°F at open circuit will not last for that period under
a very small current drain.

4.2 Short Lifetime, Moderate Current Drain Applications

There are two applications that reguire systems which
will operate for 180 seconds. One requires activation in

less than 50 msec and operation at 15 to 30 mﬁ/in‘. The
second requires activaticn in 150 msec and operaticn at 100

to 500 mA/inz.

The maximum amount of material required for these

. . . c 2 .2
applications; i.e.. 180 sec x 500 mA/in” = 90 coulombs/in™,
is of the same order of magnitude as the minimum requirement

for the long lifstime applications; i.e., 30 days x 10 uA/inz

= 26 coulombs/inz. Therefore it is possible, althcugh noct
highly probable, that the same electrodes can be used for
all three applications presently being censidered. When
material requirements for the long lifetime applications
necessitate 10 or 100 times the minimum reguirement,

electrode construction technigques will probably need to be
medified.
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One advantage to the short lifetime applications is :
that the cathode soluvbility problem is greatly reduced. ;
Most of the systems investigated do not show signs of 3
detericratica for at least several days. Therefors, almost

all systems studied should last for 180 seconds at 140°F.

There are two major problems involved in the short life-
time applications. The first is in finding organic based
systems that will activate under load in 50 msec. Since
none ¢f the previous investigations were concerncd with rapid
activation, there are no available data on this subject. Thz
second will be findinq systems which will maintain a reason-

able potential at 500 mA/inz. The most promising systems in
the literature to date normally opecate at a carrent drain
an crder of magnitude smaller tharn this.
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5. SUMMARY AND RECOMMENDATIONS

The investigations covered by this report fall generally
into one of two groups. One group is made up of those
studies which are academic in nature and deal primarily with
reaction mechanism and kinetics studies. The studies in this
¢roup are not directed toward the actual development of a
battery system as are those studies in the second aroup.

The second group are those investigations (usually by
a company, rather than an agency or university} which are
directed primarily at the development of a marketable battery
eyvstem. It is the performance data from this type of study
wnich should be of interest to reseearchers at HDL. Many of
the investigations of the second type were screening studies
concerned primarily with the measurement of the conductivi-
ties and stabilities of electroiyte solutions and with the
compatibilities and solubilities of electrode materials
(primarily cathodes) in these solutions.

Of those reports which cover the testing of actual
battery {or single cell} performance, approximately one half
are devoted to rechargeable f{secondary} systems. The data
related to the charging cf these systems are cof little inter-
est in cne~-time-only fuze power surplies. On the other hand
the discharge data and the data concerning wet-stand shelf
life are of general interest.

Unfortunately, it was our experience that a given set
of data related to the performance of a system (either
primary or secondary) would be, for our purposes, incomplete

or presented in such a manner a2s to make an interpretation
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difficult without making some assumptions. Granted that the
data are usable for the purpose of the investigation in
question, they are of little value in relation to work on
fuze power supplies. This is because the general require-
ments for the systems covered; i.e., high energy density,
necessitated the taking of data in ranges outside the sphere
of interest to HDL. Because most responses of these
systems, particularly polarization data, are not linear,
extrapclation of data would be difficult if nct undependable.
Therefore, the data derived from these systems was useful

primarxily in the fact that we know gqualitatively that one system
works better than another.

The value cf the information derived from this litera-
ture search (for researchers at HDL) is that it presents a
listing of systems (tabhle C-X) which are the best (for other
applications) to date, rather than presenting specific
numbers upon which we can base definite statements as to how
well a system will work for our applications. This informa-
tionp will at least provide some guidance as to which
systems will be most promising for study at HDL.

Cn this basis, it is presently recormended that the
study at HDL begin with the determinations listed in section
5.1 on the systems listed ip section 5.2.

5.1 Determinations

(1) Feasibility of rapid activation over a range
of tuemperatures (~40°F to +1400F) and loads (0 to 500

mA/inZ). This study car be done on cathode and anode
materials separately.

{2) Polarization data (particularly at -AOOF) in
the range from 0 to 5090 mA/inz.

{3) Lifetimes over a range of temperatures
{particularly +l400F) under very low current drains; i.e.,
< 1000 sA/in?.

(4) Effect of preparation conditions (especially
with relation to inertness and dryness of the environment)

upon performance of any systems found promising in 1, 2, and
3.

13
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5.2
anodes®
Li
Mg

Ca

Systems

Solventsb

MF

PC,NM

DMF

DMSI

PC

BL

AN

ACN

Solutes

LiAlCl4

LiClO4

LiCl

LiPF6

KPF6

MnglO4)2

TPA BF4

Cathodes

CuCl2

Cur2

Cus
AgFZ
AgCl
AgS

ACL-70

aMg and Ca should be tested for comparison as well as for
possible use.

bSome solvents listed are known o freeze ahcve -65°F,
but should be tested at least at room temperature for
comr arison purposes.
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report #6;
ADJB8S624

report #7:
AD804103

Bauman,
Bauman;
Bauman,

Chilton, Mauri;
May 66; AD483237
Chilton, Hultquist;

Feb 66

Quarverly
Nov 66;

Bauman, Chilton, Hultquist:
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1 Tech report #AFAPL-TR-66-35; Bauman, Chilton, Mauri; :
Apr 66; AD481543
Tech report #AFAFL-TR-€7-104; Bauman, Chilton,
Hultquist; cul §7; AD821051
MALLORY AND CO., INC.
3 55. "Research and Development of a High Capacity Non-
Aqueous Secondary Battery"; NAS3-2780; NASA-LRC; PIC/947
Quarterly report #1; Selim, Hill
Quarterly report +$2; Selim, Hill; NASA CR-53087
Quarterly repoert #3; Seiim, Hill
Quarterly report #4; Selim, Hill; NASA CR-54164
3 Final report; Hill, Selim; Aug 65; NASA CR-54880
56. "Research and Development of a High Capacity Non-
Agqueous 3econdary Battery"; NAS3-6017; NASA-LRC; PIC/1176
Quarterly report #1; Selim, Hill; NASA CR-5431¢% f
Quarterly report #2; Seiim, Hill; NASA CR-54407
3 Quarterly report #3; Selim, Hill, NASA CR-54732
4 Quarterly report #4; Selim, Hill; NASA CR-54874
3 Pinal report; Selim, Hill, Rao; Feb 66; NASA
3 CR-54669
57. "Evaluation of Rechargeable Lithium-Copper Chloride
Organic Electrolyte Battery System"; DA-44-009-AMC-1537(T);
ARMY-MEKDC; PIC/148§9
3 Tech report #1; Rao, Hill; Sep 66; AD643378
Tech reporst #2; Rao, Hill; Mar 67; AD654451
Final report; Dey, Rao; Nov 67; AD825241
3 %€. "Long Shelf I.ife Organic Electrolyte Battery";
1 DAABO7-70-C-0076; ARMY-~ECOM; PIC/2149
MIDWEST RESEARCH INSTITUTE
3 59. ‘"Preparation of Pure Lithium Hexafiuorophosphate":
3 NAS3-129879; NASA-LRC; PIC/214106
t MONSANTO RESEARCH COI&E
60. "Development of the Dry Tape Rattery Concept";
NAS3-2752, NAS3-4168, NAS3-%it8; NASA-LRC; PIC/393
Final report: Gruber, et al.; Dec 65; NASA CR-347
31
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61. "Dry Tape Battery Concept"; NAS3-7624; NASA-LRC;
FIC/1500

Quarterly report #l: Driscoll; NASA CR-54780
Quarterly report #2; Driscoll; NASA CR-54902
Quarterly report #3; Driscoll; NASA CTR-54981
Quarterly report #4; Driscoll; NASA CR-54771
Quarterly report #5; Drisccll; NASA CR-72170
Final report; Driscoll; Apr 57

62. "Research and Develcpment of the Dxy Tape Battery
Concept"”; NAS3-9431; MNASA-LRC

Final report; Driscoll, Williams; Sep 68; NASA
CR-72464

NASA~LEWIS RESEARCH CENTER

£3, "Electrochemical Reacticns and Materials Investi-
gation (High Energy Batteries)"; Internal, 123-34-01-P9914;
PIC/1178

"Electrolyte Solvent Properties of Crganic Sulfur
Derivatives"”; NASA TM 2-1283; Jochnson; Aug 66

Solute and Cathode Investigations in Propylene
Glycel Sulfite"; NASA TM X-1380; Johnson; Jun €7

64. "High Energy Couples"”; Internal; 120-34-12-00-22-
(K2055); PIC/2154

NAVAL CRDNANCE LABORATORY - WHITE CAK

65. "Evaluation of ELCA Experimental Non-Aqueous Elec-
trochemical Cells (and Batteriecs)"; Interxrnal: TASK-ORD-033-
127-F108-C6-03: TASK~ORD-333-006/UF-17-331-301

NCLTR 68-101; Conen, Noryx; Jul 638
NOLTR 70-68; Rosen; Apr 70

NAVAL RESEARCH LABRORATORIES

66. "An Investigation of the Possibility of vsing the
Alkali or Alkaline Earth Metals as the Active Materials in
a Battery"

NRL report #P-~2503; Dirkse; Mar 45
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NAVAL ORDNANCE LABORATORY-CORONA

67. “"Chemoelectric Energy Conversion for Non-Aqueous
Reserve Batteries"; Internal; ORD TASK-ORD-033-~321/215-1/
F009-06~01; Air Task-A34-340/211-1/R010-01 01 (see U. Calif-
L.A.; N123(62738)57439A)

“"Ionic Melt Electrochemistry-Dimethyl Sulfone"
(NAVWEPS REPORT 8193); Panzer; May 64

NAVAL WEAPONS CENTER~CORONA UAB

68. "Non-Agueous Voltaic Cell Research"”; Internal;
RRRE-06017/211-1/F009-06-05; PIC/1270

Quarterly repor: #NWCCL TP 792; Panzer; Oct 68

69. “Investigations of Beryllium Anodes in Non-Agueous
Electrolyte Solutions"; Internal; 120-34-0202; PIC/1901

Report (NWCCL TP 795); Panzer, et al.; Oct 68;

AD843141
Report (NWCCL TP 822); Panzer, et al.; Jan 69:
AD847137

Report; Panzer, et al.; Apr 69; NASA ER-9085
Final report; Panzer; Oct 59

70. "Radio Beacon Battery Development"; Internal; Air
Task A36533/216/63F15222601; PIC/2021

Report; McWilliams

POWER CONVEREION, INC.

71. "No:. -Reserve Organic Electrolyte Battery"; DAABO7-
71-C-0130; ARMNY-ECOM; PIC/2388

RENSEELAER POLYTECHNIC INSTITUTE

72. "Electrochemical Power Sources (Themis 84C)"“;
DAABO7-69-C-0063; ARMY-ECOM; PIC/2246

Article, Littman; "Polarization Phenomena in Con-
ductance Measurem2nts in Electrolyte Solutions”;
J. Electrochem. Soc.

ROCKETDYNE

73. "High Energy Battery System Study"; DA-36-039-AMC-
03201 (E)}; ARMY-ECOM; PIC/960
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Quarterly report #1; Farrar, et al.; Sep 63;
2D429299

Quarterly report #2; Farrar, et al.; Dec 63;
AD435627

Quarterly report #2; Farrar, et al.; Mar 64;
AD452714 -

Quarterly report #4; Farrar, et al.; Jun €4;
AD450559

Quarterly report #5; Farrar, et al.; Sep 64;
AD458472

Quarterly report #6; Farrar, et al.:; Dec 64;
R-5405-6; AD®616385

Quarterly report #7; Farrar, et al.; Mar 65;
AD617714

Final report; Farrar, Keller, Nicholson; Jun 65;
AD622818

74. "Properties of Non-Agqueocus Electrolytes"; NAS3-8521;
NASA-LRC; PIC/1649

Quarterly report #1; Keller, et al.; Sep 66; NASA

CR-72106

Quarterly report #2; Keller, et al.; Dec 66; NASA
CR-72168

Quarterly report #3; Keller, et al.; Mar 67; NASA
CR-72065

Quarterly report #4; Keller, et al.: Jun 67; NASA
CR-72277

Quarterly report #5; Keller, et «l.; Sep 67; NASA
CR-72324 -

Quarterly report #6; Keller, et al.; Mar 68; NASA
CR-72407

Final repoxt; Keller, Foster, Hanseon, Hon, Muirhead;
Dec 68; NASA CR-1425

75. ‘“Investigations of Electrolyte Systems for Lithium
Battveries"; NAS3-123%69; NASA-LRC; PIC/2366

Final report, NASA CR-72803

SAFT

76. "System-rithium/Ethar-Lithium Perchlorate/Copper
Suifide; Internal

Paper; Gabano, Gerbier, Laurent; "Primary Cells
with Non-Aguecus Electroliytes”

77. "System-Lithium/Halzgenated Ester-Lithium Tetra-
chloroaluminate/Copper Chloride"; Internal
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Paper; Gabano, Lehmann, Gerbier, Laurent; "Reversi-
ble Cells with Lithium Negative Electrodes and
Copper Chloride Positire Electrodes."

SPRAGUE ELECTRIC CO.

78. "Silver Chloride/Lithium Button Cells"; Internal
Article; Conk; Mar 69

79. "Solubility of Nickel Chloride and the Complex
Ions Formed in Propylene Carbonate Solutions"; Internal
Article; Cook; Jul 69

STANFORD RESEARCH INSTITUTE

80. ‘"Development of High Energy Batteries"; NASw-11l

Final report; Chilton, Duffek, Reed; Apr 61;
NASA CR-74410

TRW, INC,

81. "NASA-Sponsored Work on Batteries and Related
Electrochemistry"”; NAS7-538; NASA-DC; PIC/1664

Report; NASA SP-172; Bauer

82. "Voltammetric Studies of Non~Aqueous Systems ¥;
DA-28-043-AMC-02464 (E) ; ARMY-ECOM; PIC/1873

Semi~Annual report #1 (Tech revort #ECOM-02464-1);
Paez, Seo, Silverman; Apr 67; AD655271

Final report #2 (Tech report #ECOM-02464-F);
Fogle, Seo, Silverman; Dec 67; ADE68936

83. "A Study to Develop a Low Temperature Battery
Suitable for Space Probe Applications"; NAS3-6018

Final report; Sparke; ©64; NASA CR~-54737

TYCO LABORATORIES, INC.

84. "An Analysis of All Potentially Useful High Energy
Battery Systems" NOw-64-0€53-f; NAVY-NASC; PIC/1268

Final report; Jasinski; Jul 65; AD474350

85. "High Energy Batteries"; NOw-66-0621-C; NAVY-
NASC; PIC/1268
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7 Quarterly report #1; Jasinski; Aug 66

: Quarterliy report #2; Jasinski; Dec 66

Quarterly report #3; Jasinski; et al.;Mar 67

Final report; Jasinski, Burrows, Malachesky;
Gct 67; ADB823304

3 86. "Research on Electrode Structures for High Energy
Density Batteries"; N00019-67-C-0680; NAVY-NASC; PIC/1268

i i Pl

Quarterly report #1; Jasinski, et al,; Sep 67

Quarterly report #2; Jasinski, et al.; Dec 67

Quarterly report #£3; Jasinski, et al.; Mar 68

Final report; Jasinski, Malachesky, Burrows;
Jul 68; AD847944

87. "High Energy Batteries"; N00019-68~C-0402; NAVY-
NASC; PIC/1268

i ks o O L B

Quarterly report #l; Jasinski, et al.; Jul 68

Quarteriy report #2; Jasinski, et al.; Oct 68

Final report; Jasinski, Gaines, MaTachesky,
Burrows; Jan 69

)

88. "Study of Kinetics of Aalkali Metal Deposition and
Dissolution in Non-Aqueous Solutions®; AF19(628)5525; 21R
FORCE-CRL; PIC/1405

3 Final report (AFCRL-68-0560); Cogley, Butler;
: Oct 68; AD681453

% 89. "Study of the Composition of Nen-Aqueous Solutions
: of Potential Use in High Energy Density Battcries"; AF19
: (628)-6131; AIR FCRCE~CRL; PIC/1689

3 Article; Butler, Cogley; Anal. Chem. 3%, 1799

E (1967); ADE68747 -

3 Article; Butler, Cogley; J.
;%2, 445(1968); AD672610

hrticle; Butler, Cogley; J. Phys. Chem., in press

Article; Butler, Cogley; .Jvanceés in Llectrochen.
and Electrocher Eng., Vol. 7, in press

Final report; Butlex, Cogley, Synnott, Holleck:
Sep 69; AD699589

Electrochem. %0cC.,

F19628-68~C-0052; AIR FORCE-CRL; PIC/1832

Report #2 (AFCRL-69-0381); Jasinski; Jul 69;
AD697037
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91. "“Study of the Composition of Non-Agqueous Solutionrs
of Potential Use in High Energy Density Batteries"; F19628~
70-C-009%; AIR FORCE~CRL; PIC/2188

UNIVERSITY OF CALIFORNIA-BERKELEY

92. "Organic Electrolyte rermselective Membranes";
DAABO7-67-C-0590; ARMY-ECOM; PIC/1872

Annual report (Tech report #ECOM-0590-F); Dampier;
Sep 69

93. "Elucidation of Electrochemicel Reactions and
Systems"; N123(62738)33116A; NAVY-NWC/COR; PIC/346

Final report (NAVWEPS REPORT 8228); Tobias;
Jan 65

UNIVERSITY OF CALIFORNIA-LOS ANGELES

94, "Non-Aqueous Flectrolyte Systems"; DA-44-009-AMC-
1661 (T); ARMY-MERDC; PIC/1596

Interim report #1; (UCLA report #67-6); Bennion,
Yao, D'Orsay; Jan 67; AD653799

Interim report #2; (UCLA report #67-52); Bennion,
Yao, D'Orsay; Sep €7; ADB26554

Report #3 (UCLA report #69-30); Yao, Benniocn;
Jun 69; ADEST7191

Report #4 (UCLA report #69-31); Yao, Bennion;
Jun 69; AD857192

Report #5 (UCLA report #69-32); Yao, Bennion;
Jun 69; AD857193

95. "Electrochemical Reduction of mDNB in DMSO";
N123(62738)-57439A; NAVY-NWC/COR; PIC/1614

NOLC rewport #737; Bennion, et al.;Aug 67;

AD658111

NOLC report #746; Eennion, et al,; Dec 67;
ADR25474

NQLC report #7¢€Y; Bennion, 2t al.; Dec 67;
ADS326653

Thesis; Bennior, Dunning; Jul 68; AD676318

Thesis; Benniun, Tiecdemann

Report (NWCCL TP 795); Bennion, Tiedemann,
Dunning; Cct 68; ADS43141

Final report (Jul 66 - Oct 68); Bennion; Sep 69;
AD701411

37

=
b=




96. "Design Studies for High Rate, High Energy, Non-
Aqueous Electrochemical Conversion Systems"; N00123-70-C-
0188; NAVY-NWCCL; PIC/1614

Final report (UCLA-ENG-7078); Bennion, Dunning,
Tiedemann; Dec 70

97. "Electrochemical Study in Cyclic Esters"; AEC
#W-7405~ENG-48

Thesis (UCRL #8381); Harris; Jul 58
Thesis (UCRL #17202); Smyrl; Nov 66, ‘Oxidation
Potentials in Dimethylsulfoxide"

UNIVERSITY OF MISSOURI

98. "Electrochemical Study for Use in Low Temperature
Batteries"; DA36-039-SC-72363; ARMY-SigC

Quarterly report #1

Quarterly report #2

Quarterly report #3; Feb 57; AD135951
Final repcert; Arcand; Jul 57; AD143945

99, "Electrochemical Systems for Use in Low Temperature
Batteries;" DA-36-039-5C~74994; ARMY-SigC

Quarterly report #l; Arcand, Tudor; Jul 58
Final report; Lagc, Karnes, Jennings, Smith;
Mar 59; AD217485

WHITTAKER CORP.

100. "Electrochemical Characterizaticn of Systems for
Secondary Battery Application"; NAS3-8509; NASA-LRC; PIC/
1618

Quarterly report #l; Shaw, et al., Aug 66; NASA

CR-72069

Quarterly report #2; Shaw, et al.; Nov 66; NAS2Z
CR-72138

Quarterly report #3; Shaw, et al.; Feb 67; NASA
CR-72181 -

Quarterly report #4; Shaw, et al.; Apr 67; NASA
CR-72256

Quarterly report #5; Shaw, et al.; Aug 67; NASA
CR-72223

Quarterly report #6; Shaw, et al.; Nov €7; NASA
CR-72349 -

Quarterly report #7; Shaw, et al.; Feb 68; NASA
CR-72377
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Quarterly report #8; Shaw, et ai.; May 68; NASA

CR~72419
Quarterly report #5; Shaw, et al.; Aug 68; NASA
CR~72482
Final report; Shaw, Paez, Ludwiy; Jan 69; WRD-3%2
73 101, "Advanced Design Battery Power Source for Aircrew
£ Survival Transceivers and Beacons"; F33657-68~C-0438; AIR
"3 FORCE-WP; PIC/1925

Interim Tech report; Chand, Smith; Oct 69;
AD861947
Final report; Nov 70
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APPENDIX A. CONDUCTIVITY

Because of the frequent misunderstanding of terms
related to conductivity, @ br.cf discussion of these terms
is offered here.

Conductivitv, as normally used, refsrs te specific

conductance (K, c\hm-l cm—l) and applies to a given concen-
tration of solute. Further,

K = ¢/R (A-1)

-1
vhere ¢ = cell constant (cm *) and R = resistance (ohms).
Also,

K= 1/p (A-2)

where p = resistivity or specific resistance (ohm -+ cin).
Therefore,

R = pc = pl/A (A-1)

where 1 and A refer to the lenrgth and cross secticn acea of
the test cell.

Molar Conductance is the conduciivity of a standard
concentration of solution. Specifically,

tlolar conductance = 1000 K/C (A-4)
where C is the concentration in g'moles/liter.

Further, equivalent conductance (L),

A = molar conductéence/N {a-5)
where N is th. vaience of the elactrolyte species; i.e.,
= £ . P N - 1 .0 .
Ne 1 for KC1 and hc ¢ for Alz(b 4)3 Therefore,

A = 1000 K/CN_ (ohm ¥ zm?) (A~6)

Also, A normally varies linearly with the square root
of concentration, and when so plotted and extrapolate’ to
infinite dilution (zerc concentration) yields a value

or the limiting conductarce, 0
fo = )\ (infinite dilution) {A-7)
Preceding page blark
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APPENDIX B. CALCULATICON OF CELL POTENTIAL AND ENZRGY DENSITY

Consider an electrode couple consisting of a metallic
anode (M) and a salt (M'X) as the cathode, such that the
reaction asscciated with this couple is a simple single
replacement; i.e.,

PM 4 GM'X e yM' + sMX (B~1)
The thermodynamic equation for the calculation of cell
potential is

0

E° = ~AF./rF (B-2)

there E° is the thecretical cell potential, AFf is the total

free energy change for the reaction, n is the number of
electrons transferred per mole of reaction and F is the
standard Faraday coanstant. The total free energy chanqge
(AFf) is the difference between the sum of the free enzrgies

of formation of the reactants and the similar sum for the
products; i.e.,

OF. (reaction) = IF. (products} -XF. (reactants) (B-2)

or in the case of reaction (B-1),

sk = 2 ) .:".\ - i '-5 + £ -
ubf [sbf’Mx) + rFf\i il [qFf(M %) pr(“)] (B-4)

where the free energies of M and M' (elemental) are zero by
convention.

From equation (B-2; 1t is cbvious that a high negative
value of AFf (a high positive value of —AFf) will yield a

high cell potential. Therefore a good electrode couple will
be one of a cethode (M'X) with a high positive value of Ff

compared to the value of Ff for the ancde reaction procuct

(MX). Because the free energies of formation for these
compounds are normally negative, FE(M'X) should therefore

be a small negative vaiue, while F.(MX) should be a large

negative value. 1In practice, values of F_ are normally

f
found in kcal/m>le. when Ff is expressed in this manner,

the equation for cell potential becomes

Preceding page blank
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g% = -bF, /23.06n (B-5]

The maximum theoretical energy density for an electrode
coupie can alsc be calculated from the associated chemical
reaction. Basically, the sum of the charge densities for
both electrodes is multiplied by the cell potential to yield
the energy density. In the literature, charge densities
and energy densities are commonly expressed in amp+hours per
pound and watt-nhours per pound, respectively. For ease in
discussion, they will be dealt with here in terms of amp:*
seconds per gram (A*sec/g) and watt-seconds per gram
(Wesec/g), where

1l amp (watt) hr/ib = 7.93 amp (watt) sen/g (B-6)

The charge density for an individual electrode is
simply the number of coulombs (ampe*secs) per gram of
material i.e.,

A*sec/g = 96500/EgW (B-7)
where EgW is the equivalent weight of the material.

The energy density for the electrode couple is then
calculatzd by

Wesec/g = EOE(A°sec/g) (B-8)

where E° is the cell potential (either expe..mental or
calculated from free cnergies of formation) and ; (A+sec/qg)
is the sum of the charge densities for both the anode and
the cathode.

If energy density per unit volume is desired, the
charge densities for the individual electrodes must be

multicliec by their respective densities (g/cm3) before
summing.
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APPENDIX C. TABLES

(If no date are entered in any part of a table, it
indicates that information is not available.)
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Table C-I. Companies, agencies, and institutions
involved in organic electrolyte research.

Air Force - Cambridae Research Lahoratory (AF-CRL)

American University

Argonne National Laboratories

Army - Electronics Command (ECOM)

Army - Mobility Equipment Research and Development Center
(MERDC)

Atomics International

Battelle Memorial Institute

Carriegie Institute of Technology

Case Western Reserve University

Eagle-Picher Industries, Incorporated

Electric Storage Battery Cormpany (ESB)

Electrochemica Corporation (ELCA)

Globe-Union, iIncorporated

Livingston Electronic Corporation (including Corson and
Honeywell)

Lockheed Aircraft Corporaticn

Mallory and Company, Incorporated

Midwest Research Institute

Monsanto Research Corporation

NASA - Lewlis Research Center (NASA-LRC)

Naval Ordnance Laboratory - White Cak (NOL-WO)

Naval Research Laboratories (NRL)

Naval Weapons Center - Corona (NWCCL)

Power Conversion, Incorporated

Rensselaer Polytechnic Institute

Rocketdyne

Societe Des Accumulateurs Fixes Et De Traction (SAFT)

Sprague Electric Company

Stanford Research Institute

TRW, Incorporated

Tyco Laboratories, Incorporated

University of California at Berkeley

University of California at Los Angeles

University of Missouri

Whittaker Corporation
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Table C~IXI. PIC sheet index.

PIC Company, agency, or institution

sheet no.

0346 U. C. Berkeley

0447 ECOM

0561 Atomics International

0667 Lockhead

0861 Lockheed

0893 Monsanto

0896 Globe-Union

0898 Corson

0937 ECOM

0947 Mallory

0960 Rocketdyne

0987 Gulton

1176 Mallory

1178 NASA-LRC

1187 American U.

1199 AF - CRL

1200 AF -~ CRL

1201 Ccrson

1216 Lockheed

1266 ELCA

1268 Tyco

1270 NWCCL

1398 American U.

1405 Tyco

1435 ESB

1463 Honeywell

1473 Battelle

1489 Mallory

1490 Globe-Union

1500 Monsantc

1517 Battelle

1544 Case Westernr Reserve U.

1553 Gulton

1596 UCLA

1614 UCLA

1618 whittaker

1634 Globe-Union

1649 Rocketdyne

1664 TRW

1689 Tyco

1772 Honeywell

1832 TyCoO

1833 Atomics International

1839 ECOM

1840 ECCM

47

L




T TR T

Rt

Table C-II.

PIC sheet index - Continued

PIC Company, agency, or institution

sheet no.

1857 ECOM

1872 U. C. Berkeley

1873 TRW

1825 Batfte_le

1901 NAVWEPS

1925 whittaker

1933 ECOM

1982 ECOM

1991 ELCA

2021 NWCCL

2091 Battelle

2140 HDL

2146 Midwest Research Inst.

2149 Mallory

2154 NASA-LRC

2178 Honeywell

2188 Tyco

218¢ Atomics International

2203 MERDC

2246 Rensselaer

2273 Gulton

2312 Honeywell

2366 Rocketdyne

2376 ECOM

2377 ECOM

2387 Eagle-Picher

2388 Power Conversion

2392 ECOM

2439 NOL-WO
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Table C-III.
organic electrolyte research.

Index of contract numbers for

Contract no.

Contractor

Atomic Erergy Commission

AEC W-31-109-ENG-38
W-7405-ENG-48

SC 58-0690
58-4116
58-5214
58-5291

Argonne National Labcratories
ucLa

Globe-Union (PIC/1634)
Globe-Union (PIC/1634)
Globe-Union (PIC/1634)
Globe-Union

Department of cthe Air Force

AF 19 (628)-5525
19 (628)-6131
33(615)-1195
33(615)-1266
33(615)-2455
33(615)-2619
33(615)-3488
33(615)-3701
33{616)-7957
33(657)-11709

F 19628-67-C-0387
19628-68-C-0052
19626-70-C- 0086
19628-70-C-0095
33615-68-C-1282
33657-68-C~0438

Department of the Army

DA ABO7-67-C-0385
ABO7-67-C-0590
ABO7~68-C-0240
ABO7-69-C-0063
ABC7-70-C-0076
AEO7-71-C~0130
ARO7-71-C-0131

28-042-AMC-(1394 (E)
28-043-AM-02304 (E)
28~043-AMC-02464 (E)
36-039-AMC~-53201 (E)
36-039~5C-72363

Tyce {PIC/1405)
Tyco (PIC/1689)
Lockheed (PIC/0677)
Gulton (PIC/0987)
Lockheed (PIC/1216)
Battelle (PIC/1473)
Gulton (PIC/1553)
Battelle (PIC/1517)
Lockheed (PIC/0677)
Lockheed (PIC/0861)

Atcmics International (PIC/1833;
Tyco (PIC/1832)

Atomics International {PIC/2189)
Tyco (PIC/2188)

Battelle (PIC/- ‘1)

Whittaker (PIC, .925)

ESB (PIC/1435)

U. C. Berkeley (PIC/1872)
ELCA (PIC/1991)
Rensse'aer (PIC/2246)
Mallory (PIC/2149)

Power Conversion (PIC/2388)
Eagle-Picher (PIC/2387)
ESB (PIC/1435)

ESB (I'IC/1435)

TRW (PIC/1873)

Rocketdyne (PIC/0960)

J. Missouri
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Table C-III. Index of contract numbers for
organic electrolyte research - Continued

Contract no. Contractor

36-039-SC~74994 U. Missouri

36-039~SC-889325 Atomics International (PIC/0561)
44-009-AMC~-1386 (T) American U. (PIC/1398)
44-009-AMC-1537(T) Malliory (PIC/1489)
44-009-AMC~-1552(T) Globe~Union (PIC/1490)
44-009-2AMC-1661(T) UcLa (PIC/1596)

Department of tne Navy

N 00017-68-C-1401 ELCA (PIC/1266)
00017-71-C-1410 ELCA (PIC/1266)
00061%~-67-C-0680 Tyco (PIC/1248)
00019-68~C-0402 Tvco (PIC/1268)
00019-68-C~0614 Livingston (PIC/2178)
00123-70-C-0188 UCLA (PIC/1614)
Ow-63-0618c ELCA (PIC/1266)
Ow-64~0653f Tyco (PIC/1268)
Ow-65~3506¢C ELCA (PIC/1266)
Ow-56~0342c FLCA (PIC/1266)
Ow-66-0621ic Tyco (PIC/1268)

123(62738)33116A
123(62738)56006A

U. C. Berkeley (PIC/0346;
Case Western Reserve University
(PIC/1544)

123(62738)57439A UCLAa (PIC/1l€l4)

National Aerorauvtics and Space Administration

NAS 3-2752 Monsanto (PIC,/0893)

T 3~2775 Livingston (PIC/0898)
3-2780 Mallory (PIC/0947)
3-2790 Globe-Union (PIC/0836)
3-4168 Monsantc (PIC/0893)
3-6004 Livingsten (PIC/1201)
3-6015 Globe-Union (PiC/0896)
3-6017 Mallory (PIC/1176)
3-6018 TEW
3-7624 Monsanto (PIC/1500)
3-7632 Livingstcen (PIC/1463)
3-8509 Whittaker (PIC/1618)
3-8521 Rocketdyne (PIC/1649)
3-9168 Monsanto (PIC/0893)
3-9431 Monsanto
3~19613 Livingston (PIC/1772)
3-10942 Battelle {PIC/189:)
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Table C-1II. Index of contract numbers for
organic electrolyte research - Continued

Contract no. Contractor
3-12%69 Rocketdyne (PIC/2366)
3-12979 Midwest Research (FIC/2146)
] 3-13221 Livingston (PIC/2312)
3 7-538 TRW (PIC/1664)
] r-191 ECOM (PIC-BAT 209/10)
1 w-111 Stanford Research Institute
NBS R-09-022-029 Carnegie Tech
NGR 09-003-005 American U. (PIC/1187)

National Institute of Health

NIH 69-2153 Gulton (PIC/2273)
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Table C-VI.

(Figures in paventheses are coct, in $/kg, and

Solute materials.

available form when not anhydrous.)

Solute material

Literature referance

I. Inorganic

AlBr., (43)

3
A1c13 (6)

A1F3 (10,‘nH20)

NH4Br {3)

NH,Cl (1)
NR,C10, (8)
(NH,),CO5 (1)
NH,COOCH, (2)
(NH4)2CrO4 (9)
‘\NH,) ,Cr,0, (3)
NH,F (16)

NH I (28)
NH,NO, (2)
NH,PF_ (70)

476

NH ,SCN (5?

NH4SO3F
NH i
(_JLQ ) ZT).F

4
4
4

S e2H O)
6 (15, 2h20.

SbCl., .9)

3
SbF, (14)

3

51

6,13,21,24,33,34,37,42,45,45,

51-53,55,56,67,73
24,29,37,42,45,88
45

51

42,51,88
88,95

24

g8

88

88

42,38

67

88
6,13,38,53,54,88
6,28,51,67,88
37,52

53

37,69,88
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Table C-VI. Solute materials - Continued.

{(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material

Literature reference

I. Inorganic - Continued

Ba (N0,) (%)

BeCl2 (200)
BeP2 (119)
BC1l

3

BF3 (26, 10% in CH3OH)

CdCl2 (15)
Cd(CN)2 {70)

{
Cd12 (23)

Ca(BF4)2 (122)

LaCIZ (3’.AH20)

CaCO3 (7)

CaF2 (9)
Ca(NO3)2 (3,'4H20)
Ca(Prs)2
CasSd, (8)

4

CaTiF6 (15}

CeCl3 (57;7H20}

CeNﬂ4(NO3)5 (8,(NH4)?Ce
I'4 kY

CsCl (280

CsCiO4 {325)

CsF (230)

CSPE-’6

a .
Explosive when anhydrous

88

37
37

37
29,37,74,100

88
88
88

100
24,29,42,51,88,100
28

24,37,40,42

§8

100

29

37

88

88

24,37,88
84

24,37,55,64
37

73
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Table C~VI. Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorgaric - Continued

CO(CN)2 (83,'2820) 88

CoF3 (37) 51

CuBr? (13) 51,88

CuCl2 (12) 45,46 ,56,74,88
CuCN (10} 88

CuF2 (450) 46,51,74,88
Cul (36) 88

CuSO4 (%) 51

HC104 12,28,82
HZO 56,82,85,91
RONHZ'HCI 45

HZSO4 13,51,84
In3r3 {350 88

InCl3 (709) 37,88
In(NO3)3 {(550) 88

FeCl3 (4) 37,51,88
PbCl, (8) 51,88

PbF. (102) 42,88
L(NO3)2 {4) 88

x)bso4 165) 51

Liaicl,” 6,8,13,33,52,54-57,75,77,78
bLiCl, A1C13 (usually preparcd in situ).

——

74




Table 2-VI. 3o0lute materials - Continued.

(Figures in parentheses are cost,; in $/kg, and
available form when not anhydrous.)

Solute material Literature reference

I. Inorganic - Continued

LiAsF6 47,48,5C,59,74,75

LiBF4 (400) 6,12,13,29,42,48,53,56,69,82,
91,35,10¢

Lisr (19) 6,28,51,73,74,88

LiCFBSO3 95

LiCl (13} 4,13,19,21,24,28,33,34,37,38,

40,42,45,.46,51-53,55-57,63,
65,67-69,74,84,88,92,94,95,
100

LiCl0, (49) 3,4,6,8-10,13,15,19,20,28~30,
] 33,38-40,45-48,51,54,56,61,
62,68,69,74-76,82,84~-88,90,

92,94,95,100,101

LiCN 24

Li,CO, :10) 24,29,37,88

LiCOOCH, (19, °2H,0) 88

LiF (15) 24,37,42,45,46,51,74,84,88,
91,94,100

LiI (200) 56,68,69,88

LiNOy (.1) 88,91,55

LiOH (22) 24

LiPF, (380) 13,29,37,38,42,43,47,48,51,
53,56,74,91,100

Li,8 24

LiSCN 90) 24,73

Li,SiF 37

Li,S0, (14) 29,51,88

i 7

Li,S0,F 37

Mg (BF,) 100

MgBr, (15,6H,0) 45

75
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Table C-VI.

Solute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material

Literature refza2rence

I. Inorganic - Contin ed

MgCl2 (6)

49 (C10,),% (9)
MgCO, (15,basic)
Mngn(IS)

Mg (PF.),
Mg(SCN)2

MgS?'_F6

MgSO4 (5)

HgBr
Hg(CN)2 (52)
Hg(COOCH3)2
HgI, (30)
HgS0, (28)

(30)

NiC32 (130)
Ni(CN)2
NiF2 {320)
Nl(PF6)2
N1504 (7,'6H2O)

JORT
NOB.4

NOPF6

(900)
(840)

PClS (4)

PFS

a .
Explosive when anhydrcus

76

24,29,37,40,45,51,88,100
6,29,45,51,34,100

29

24,37,42,88,100

100

29

37

29,45

88
88
88
88
51




Table C~VI. Sclute materials - Continued.

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material

Literature reference

I. Inorganic - Continued

KAg(CN)2
K, AlF, (9)

3 6
KAsF6 (118)

K, BeF
KBF4 {11)
KBr (3)
KBrO3 (3)
KCC1,C0,
RC1 (1)
KClO4a (6)
KCN (8)
KCNO
K,C0, (2)

2

KCo(CN)3
KCrF6

S 7
K3Cr(bCN)6 (67)
KCu(CN)2
e (4,-2H20)
KéFe(CN)6 (3,°3H20)
Kﬂso4 (2)

KI (8)

KMnO4 (2)
XszF7 (174)
KNi(CN)3

KNQ, (9)
Z

a .
Explosive when anhydrous

88

37
13,37,47,48
37

3,13,37

2,45,51,88
51

45
24,37,42,45,51,88
6.,47,84,88,95

51,67,88
24
24,37,88

88
47
37
88
24,37,42,45,84,838
37
51

37,43,45.51,56,67,88
51

37
88
88

1
4
E
3
z
3
3
:
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Table C-VI. Solute materials - Continued.

L T

{Pigures in parentheses are cost, in $/kg, and
avallable form when not anhydrous.)

3 Solute material Literature reference

I. 1Inorganic - Continued

1 a

: KNO,~ (2) 51,88
E KOH (670) 13,84,88
E KPP6 (30) 1-3,6,13,20,28,37,38,40,42,43,
; 48,51,53,68,69,84,88,100,101
Kzs 24
3 KSbF6 (240; 48
-4
] KSCN (7) 6,24,28,45,51,67,73,84,88
3 =4
K281F6 (%) 37
% Kst4 (1) 88
hzTaF7 (208) 37
3 2
K2T1F6 (9) 3
KZZrFG {12) 37
RbC1l (400) 88
RbClO4 {300) 84
Rb'  (320) 37,42,43,88
SiF4 37
AgBr (143) 88
AgCl (69) 51,88
3 AgClO4 (300) 56
AgI (101; 88
AgNO3 (41) 45,88
Na3AlF6 (2) 37
NaAsF6 37,47,48
a

Explosive when anhydrous

78
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; Table C~VI. Soclute materials - Continued.
3 (Figures in parentheses are cost, in $/kg, and
available form when not arhydrous.)
Solute material Literature reference
I. Inorganrnic - Continued
] NaBF4 (12) 37,40
- NaBr (3) 45,88
? NaCCl3CO2 45
? NaCF,SO0, 94 A
5 NaCH3803 94 ;
- HaCl (2) 13,24,37,42,45,84,88 :
i Nac10,% (5,¢H,0) 13,47,48,73,84,88,94 5
: NaCN (2) 88 3
3 Na,CO, (2) 24,88 i
NaCOOCH, (4) 88 1
] NaCOOC Fg (3) 38
3 NaF (6) 24,37,42,51,88,91
NaHSO4 (5) 88
3 Nal {15) 43,45,88
: NaNo2 (2) 88
] Nan0,® (2) 51,88
3 NaOCH, (8) 88
NaOH (1) 88
NaPF6 (192} 6,13,37,42,43,47,48,53,54,84,
88
Na4PO3F (21) 51
] NaSbF6 (90) 37,88
3 NaSCN (6) 88,94
? Na,SiF . {4) 37
Na.so, (1) 88
2 4b
Na TPB™ (750) 74,94
aExplosive when anhydrous
bSee abbreviations at end of table
79
rl
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Table C-VI.

{Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute materials - Centinued.

Solute material

Literature reference

I. Inorganic - Continued

SrCl2 (4,'6H20) 88
Sr(ClO4)2 (238} 49
T1Cl (25) 88,92
SOCl2 (4) 42
SnCl2 (8) 45
San (43) 37
SnF4 {3500) 37
TiF3 (270) 37
TiF4 (130) 37
WCl6 (104) 88
VCl2 88
VCl3 (420 88
BnCl2 {4) 28,88
Zan (124) 42,88
80




Table C-VI.

Sclute materials - Continued.

{Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material

Literature reference

II. Organicb

(BTrMA)AsF
(BTrMA) SbF

6

5
(DBA)ASF6
(DBA)231F6

(DBTrMA)PF6

(EPy)Br 78)

(M)ASF
(M)PF

6
6

(nPA)BF4

(PTrMA)Cl
(PTrMA)PF

(TAmA) SCN

(TBA)Br (96)

(TBA)F

(TBA)I (80)

(TBA)OH (153,25% CH

(TBA) (TPB)

3OH soln)

(TEA)Br (14)
(TEA)ClO4 (100)

(TEA)F (620)

——

37
37
37
37

37,38

51

37
37,38,42,43,56,61,74

56

40,42,43
37,39,40,42,43,54,88

94

74

13
37.84,88
24,40

74

51,88
69,84-89,91
40,74

bSee abbreviations a:t end of table

81




T TR

T T TR I IR T AT THT

Table C-VI. Solute materials - Continur ..

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Solute material

Literature reference

II1. Organicb - Continued

(TMA)BF4 (120)

(ITMA)Br (19)
(TMA)C1 (16)
(TMA)C104

(TMA}F (600)
(TMA)I (43)
(TMA)OH (545°+5H,0)

(TMA)PF6 (250)

(TPA)BF4
(TPA)C10
(TPA)PF

4

6 (680)

(TrABA) (TPB)
(TrMA)C1l (32)

{TrPA)Ast

v

26,37,42,43,74,88

37,74
3,18,37,45,51
18

48,74
45,88
40

37,3%,42,43,53,74,88

37
82
37,386
94
45

37

“see abbreviations at end of table
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Aniocons

TPB

Cations

BTrMA
DBA
DBTrMA
EPy

M

nPA
PTrMA
TAmA
TBA
TEA
TMA
TPA
TrABA
TrMA
TrPA

Table C-VI.

Sclute materials -~ Continued.

Abbreviations

Tetraphenylboride

Benzyltrimethylammonium
Dibutylammonium
Dodecylbenzyltrimethylammonium
Ethylpyridinium
Morpholinium
n-Propylammonium
Phenyltrimethylammonium
Tetra-n-amylammonium
Tetrabutylammonium
Tetraethylammonium
Tetramethylammonium
Tetrapropylammonium
Tri-l-amylbutylammonium
Trimethylammonium
Tripropylammonium

e, D e s N = o
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Table C-VII. Anode materials.

Material Literature reference
1. Aluminum '3,28,33,37,39,51.52,55,73,84,94
2. Beryilium 33,37,40,51,55,69,73
3. Cadmium 33,40,100
4. Calcium 3,0,7,13,28,33,37,58,40,42,51,73,54,100
5. Cobalt 28
6. Lithium 3,4,6,8,10,12,13,15,16,18,19,21,24,27-34,
36~58,61,62,65,71..73,75-78,82~-88,90,92,
94,35,109,101
7. Magnesium 3,6,7,13,28,33,37,38,40,42,45,46,51,52,
60,61,67,68,73,84,94,100
8. Potassium 3,40,51,52,94
9. Rubidium 28
10. Sodium 3,28,33,37,38,51,88,94
11, Strontium 33
12. Zinc 6,7.22,33,46,100
84

:A
S oyl
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Table C-VIII.

(Figures in parentheses are cost, in $/kg. and
available form when not anhvdrous.)

Cathode naterials.

Material

Literature reference

I. Elcmentql

{I. Inorgani:

AlF, (10,+nH

3 C)

2

SbClS

SbF3 (14)

SbF

-

AsBr3

3 ]2)
AsF3 (82)

AsF_
2

B,O.

3
- <

(4

CdCl2 (15)
cdco,

ca (e,
CdF2 {(60)
Cds (25)
CrCl,, (3t.0)
CrCl3 {77}
Crr. (4890)
(9,‘3% HZO)
(2800)
CcrG, (8)

24
6,45,51,73

24
38,47
24

24 .38
24

45

19,24,85

24

24
19,26,24,106,101
24

40,55
29,40
29,40,55
28,40,51
40
40,16,73

£5

™
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Table C-VIII. Cathode materials - Continued.

(Figures ip parentheses are coest, in $/kg, and
available form when not anhydrous.)

Material

Literature reference

II. Inorganic - Continueq

‘4
Cr203 4}
Cr(OH)2

Cr (OH) ,

CoBr, (249)
-oCl, (111)
CoCl
CoCO, (21)
CoF2 (80)

CoF 4 (37)

C012 (136)

Co0 (350)

Cozcj {19)

O4 (27

w W N

(,03
Ccos

Co (STN 2

CuBr (55)
CuBr2 (13)

CuCl (7;
CuCl2 (12)

CUCO3 (7)

CuCN
CuCNS (60)
Cu(CNS)?

CuF
Cur, {450)

86

6,40
24
24

40

40,55%,1060

100

24,29

24,40,4¢,55,100
13,28,38,49,45-47,51,53-56,1C0
40

40,100
40

40

24,87
24

40
40

19,28,30.36,40,46,56,75
6:15,15,19,24,30-34,36,38,.4¢,
45,56,57,65,73,74,77,92,100

13,24,29

24

24

24

19,24,28~30,49,46
6,13,15,19,23,24,26-34,37,38,
40,42,45-51,53,54,56,70,73-75,
84-87,94,100
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Table C-VIII. Cathode materials - Continued

(Figureg in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material

Literature reference

ITI. Irnorganic - Continued

Cul (36)
Cul,,
Cu(IO3)2
Suzo (3)
Cuo (8)
Cu,S (11)

CuS (8}
Cusd, (5

(110,*H20)

AuBr
AuBr

Aull
AuCl
Aul

Au203 (9600

3

3 (1680,HAuC14'3H20)

GeCl4

InF3 (1400,
In(OH),

1,04 (67)

FeBr. (365)
FeCl, (195)
FeCl. (4}
F&ﬁ03

FeF, (600)
FeF; (5090)
Fel, (600)

[y8]

W

2

&

40
40

73
40

13,29,40,45,46,100
24,38,87

15,24,29,45,73,76,87
29

40
40

40
40

40
40

24

40
24,40,51,55
40,55

24,29

24,55
40,51,55,100
40

87
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‘table C-VIII. Cathode materials - Continued

{Figures in parentheses are cost, in $/kg, and
available form when not arhydrous.)

Material

Literature reference

II. Incrganic - Continued

F6203 (1)

FeBO4
l'c(OH)2
Fes (1)

Fe?_S3

PCl, (8)
PbF (102)
PbO, (5)
Pb (OCN)

Pbs (11)
Pb504 (€)

MnBr2 €140)
MnCl2 (9}

MnCO,

MpF, (270)

MnF (240;

MnI, (152,04320)

MnO (12)
MnO2 (7)
Mn203 {9)

Mn304 ‘%)

MnS
HgC12 (24)

HgC (32)
Has (27)
HgSO, (28)

88

13,29,40
38,40
24

24,87
24,87

51,57,89

28
38,45,46

24
24

51

40

40,55

24
13,19,29,40,45,55
48

46

40
13,38,40,45,46,73

40
40




Table C-VIII.

Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material Literature reference

II. In.rzganic - Continued

M<>03 (9) 6

NiBr2 (146) 40

NiCl2 (130) 13,19,38,40,42,46,51,55,73,79,
100

Ni(CN)2 24

NiCO3 (14) 24,29

NiF2 (320) 13,19,24,28,29,37,38,40,42~46,
51,73,100

Ni12 (1206-618,0) 40

NiO (17) 38,440,100

NiO2 (12} 40

N1203 45

Nj(OH)2 24,38

Nis§s 24,87

lez 87

N1233 87

Ni (SCN)2 24

N03 38

PBx3 24

PC1. 24

KI (8) 94

K10, (47) 60

2SO4 (1) 94

(7}




fable C~VIII. <Cathcde materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)

Material

Literature reference

II. Inorganic - Continued

SlCl4

812C16

AgBr (143)
AgCl (69)

AgCN (4¢)
Ag2C03

AgF (900)
Ang

AgI (101)
Ag,0 (97)
AgO (330)
59,03
Ag40g
AgOCN (120)
AgZS

Ag,S0, (92)

NaBO3 (5,'4H20)

NaIO3 (12)

q
J2C14

TiCl ({2%)

SnCl4
Sn02 8)
Sn€

TiF3 (270)
TiF4 (130)

90

24

40
6,7,13,19,21,24,28,37,38,40,
46,51,52,55-57,73,78,869,94,100

24
24

19,24,28,¢0,46,51
6,38,40,72,100

40
13,38,40;,45

13,28-30,38,40,45,47,73,100
40

38

24
24,51,101

51

24

89

24
45

2
&

28,22,38
29
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Table C-VIII. Cathode materials - Continued

(Figuxes in parentheses are cost, in $/kg, and

available form when not arhydrous.)

Material Literature reference

II. 1Inorganic - Continued

vCl
VCl
vCl

V20

(420)

(52 B - VS I

(17)

ZnBr2 (25)

ZnCl2 {4)
ZnCO3
Zn(CN)2
ZnF2 {(124)

ZnI2 (47)

Zn0o (1)
Zn(CH)2

ins (6)

40
40
24
6,38,40,45,46,73

40

24,406,101

24

24
24,40,100,101
40

40
24

24,87

91
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Table C~VIII. Cathode materials - Continued
(Figures in parentheses are cost, in $/kg, and
available form when not anhydrous.)
Material Literature reference
III. Organic
Bis-benzofurazane sulfone 28-30
3 1-Chloro-2,6~-dinitrobenzene 82
3 N~-Chlorosuccinimide 61
: Dichlorobenzoquinonediimine 61
Bichloreisocyanuric acid 38,46 ,60-62
(ACL-70)
N,N Dichloro-4-toluene- 3

sulfonic acidamide
(Dishloroamine T)

; Dichlorotriazinetrione 6,13,60~62

3 2,4 Dinityoaniline 95
m~-Dinitrobenzene 3,6,7,11,28-30,38,45,82,95
o-Dinitrobenzene 26
p-Dinitrobenzene a 3,26,82
2,4 Dinitrophenol 38,82
2,5 Dinitrophencl 82
2,6 Dinitrophenol 82
2,4 Dinitrotoiuerne 45
2,5 Dinitrotoluene 82
Dinitrotrichlorobenzene 2
Fluorinated graphite (CXF) 10,16
Hexachloromelamine 38,60
2,4,6 Hexachlorotriazine- 60

trione

: Nitrobenzeneb 3,12,82

] 4~-Nitrosophenol 38

: Picric acid?® 29,60
Potassium trichloroisocyanur- 3,38,46,61

ace

p-Quinonedixime 38
Quinone resins 18

Sodium trichloroisocyanurate 3,38,46,61
5,5'-Sulfunyl-bis-benzofura~- 3
cone~3,3'-dioxide

aExplosive

bLiquid at room temperature

92

PR

3
1
3
E
3
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Table C-~VIII. Cathode materials - Continued

(Figures in parentheses are cost, in $/kg, and
available form when not anhvdrous. )

Material Literature ceference

IIT. Organic ~ Continued

Trichloroisocyanuric acid 3,38,46,61
Trichloromelamine 3,38
Trichlorotriazinetrione 61

3
i
e
3
:
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Table C~X. Successful cell systems.

Part 1. List of cell systems.

Cell system

Literature reference

Li/PC-LiAlClq/AgCl 51,52
Li/PC-NaPFG,/CuI-‘2 53
Li/PC-KPFG/NiX2 42
Li/PC-LiClO4/CuF2 28,46 .47
Li/PC_NM-LiAlCl4/CuCl2 33,34,6%
Li/BL—LiClO4/CuCl2 45
Li/BL-KPF/AgF, 100
Li/MF-LiCloé/Cqu 46,47
Li/MF—LiClO4/ACL—7O 61,62
Li/IPA—LiClﬂé/CuS 85
Li/THF, DME-LiClOé/CuS 76
Li/MCC—LiA1“14/CuC1 77
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% Table C-X. Successiul cell systems - Continued.
3 Part 2. 2vailable data for cell systems listed in part 1.
3 Data Literature reference
1. Li/PC-LiAICl,/5gCl Lockheed (51,52)
Electrolyte: 0.6M LiAlCl4 in PC
Arniode: Li pressed on expanded Ni
Cathode: 75% AgCl, 10% Ag, 15% inert conductor on
3 expanded Ag.
f a. Open circuit potential = 2.80 tc 2.85V.
] b. Time to 2.0V cut-ocff at given current density
(mA/in%).
é CD(mA/inz) Time (hr) mA-hr/in2
6.3 7.8 49.2
11.0 3.9 2.9
18.7 2.0 37.4
28.4 .75 21.3
38.7 0.26 1.1
c. Current density at 2.0V at given temperature.
2
Temp. (°F) CD(mA/in")
-22 5.2
+28 33
E +66 >65
5 +149 %5
2. Li/?C-NaPFs/CuF2 Lockheed (53)
Electrolyte: NaPF6 in PC (concentration unknown,
likely ~1M)
Anode: Li on expanded Ag
Cathode: 70% CuF,, 30% Ag on expanded Ag
e
a. Best performance: 72% utilization of Cqu at 1
mA/inz to 2.0V cut~off = 128 whr/lb cf olecirnde.
2
b, At 1 mA/in"T, obtainsd 2006 hr of discharae to 2.0V
2
cut-off = 200 mA*hr/in”~.
102

o

b S hadutt a8 et ol ol il i

3
b
!
A
=2
Kl




T T T

T T T 7

TR

TR TT TR P

Table C-X. Successful cell systems - Continued.

Part 2. 2vailable data for cell systems listed in part 1.

Data Literature reference
3. Li/PC-KPFe/NiX2 Gulton {(42)
Electrolyte: KPF6 in PC (concentration unknown)
Anode: 90% Li, 10% graphite
Cathode: 50% Nixz, 50% araphite
a. ﬁixz prepared by treating NiF. with SOClz.
b. At 2 mA/inz, obtain 66% cathode efficiency from 3.0
to 1.0V,
c. At 100 mA/inz, obtain 33% cathode efficiency from
1.6 to 0.6V.
4. Li/PC-Li-".104/CuF2 Livingston (46,47)
ESB (28)

Electrolyte: Livingston, 1.4¥ LiClO
ESB, 1M LiClO4 in PC
Anode: Livingston, Li on Ag
ESB, Li on Cu
Cathede: Livingston, 83% Cqu, 12% graphite, 6% pulp
on Ag
ESB, 85% Curz, 10% graphite, 5% binder on Cu.

4 in PC

a. Open circuit potential: Livingston = 3.45V
ESB = 3.3V

b. Livingston: At 12.9 mA/inz, cbtain 15.5 hr cof dis-
charge to 2.0V cut-off.
Note: Completely self-discharged after a few days
at 3S°C; stable for 6 weeks at -15°c.

c. ESB: At €.08 to 0.4§ mA/inz, obtain a voltage
plateau at ~3.0V.

Note: Energy density is a maximum at ~0.3 mA/in2
due to leoss of active material through dis-
solution at lower drain rates. (Applies to
Livingston system as well.)
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Table C-X. Successful cell systems - Continued

Electrolyte: 3.0F AlCX

Part 2. Available data forx cell systems listed in part 1.
Data Literature reference
z. &i/PC,NM-LiA1C14,AlClg/CuCl2 ELCA (33,34,65)

Anode: Li on Ni or Al
Cathode: 85% CuClz, 7.5% Ag, 7.5% carbon on Cu

a.

b.

Li/BL-LiCloé/CuC17

Open circuit potential = 3,1V.

Voltage range for given current density.

CD (mA/inz) Voltage range
46.5 2.3 - 1.6
125 2.2 - 1.9
250 2.0 - 1.5
System will self-discharge due to solubility of
CuClz.

Livirngston (45)

Electrolyte: 12% LiClC4 in BL
Anode: Li
Catnode: 75% CuClz, 25% carbon

a.

k.

Open circuit potential = 3.5V. (This value 1is

higher than that theoretically calculated: 2,9V.)

2

At 6.45 mA/in”, obtain 28 hr of discharge to 2.8V

cut-off.

Note: at 3.2 mA/inz, obtain 30 hr of discharge to

3.0V cut-off with Cqu: OCP = 3.2V.

37 0.3F LiCl in 45% PC, 55% NM
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Table C~-X. Successful cell systems - Continued

Part 2. Available data for cell systems listed in part 1.

Data Literature reference

7.

Li/BL—KPFG/AgF Whittaker (100)

2

Electrolyte: Saturated KPF6
Ancde: Li on Ag
Cathode: AgFZ' carbon, polyethylene on Ag

in BL

a. Open circuit potwential = 3.7V.

b. At 6.45 mA/in“, obtain voltage plateau of 3.4 to
3.0V.

Li/MF—LiClO4/CuF Livingston {46,47)

2
Electrolyte: 4.68F LiCl9O
Arnode: Li on Ag,
Cathode: 83% CuF

4 in MF

27 12% carbon, 6% paper on Ag

a. Open circuit potential ¥ 3.5Y.

b. Hours of discharge at given current density to 2.0V
cut-off (-15°¢C).

Hours CD(mﬂ/inz)
1.05 129
1.25 64.5
3.4 53.5
6.2 i2.4

Note: Li anode material reacts with solvent giving
poor wet shelf life.

Li/MF‘LiCquiACL”70 Monsanto (61,62)

Electrolyte: 1.0 F LiClO4 in MF
Anode: Li
Cathode: 81% ACL-70 (dichloroisocyanuric acid), 13%

Shawingan Black, 6% carbon

a. Cpen circuit potential = 4,0V,

b. At 50 mA/inz, obtain 2.6 hr of discharge from 3.7 to
2.0V.
Note: "Dry Tape" system
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Table C-X. Successful cell systems - Continued.

Part 2. Available data for cell systems listed in parct 1.

Data Literature reference

16.

11.

12.

106

Li/IPA—LiClO4/CuS (85!

a. For 7 amp + hr battery at 0.05 mA/in>, obtain 95

Whr/1lb with a 40% voltage drop. At 0.05 mA/inz,
cbtain 190 hr of discharge to 1.5V cut-off (voltage
never above 2.0V).

b. For 2 amp * hr cell: 1lifetime (hr) for given CD
(wa/in?) .

CD(mA/inz) Time (hr)
0.C5 257
0.09 125
0..7 58

c. See 7. Dechenaux, G. Gerbier, J. Laurent; Revue

Bimestriella Entropie; 13; 15 (1967) f£cr original
reference. -

Li/THF,DME-LiClO4/CuS SAFT (76)

Electrolyte: 1M LiClO4 in THF,DME

Anode: Li
Cathode: CuS

a. Open circuit potential >1.95V at 20°c.
Li/MCC-LiAlClé/CuCl SAFT (77)
Electrolyte: 1M LiAlCl

Anode: Li on Ag 4
Cathode: CuCl on Ni-plated steel

in MCC

a. Open circuit potentjal = 2.75V.

Note: electrolyte decomposes above 50°c.
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Table C-XI.

Material

g/in2

Mils

Li

Na

Mg

0.019
0.062
0.104
0.231
0.012

0.033

2.1
3.9

Anode material requirements
(1c0 uA/in2 for 30 days).

Material

g/in2

Ca
Sr
Zn
ca
Al

Co

0.054
0.118

0.088
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Table C-XII.

Cathode (inorganic)
(100 wA/in? for 30

matarial requirements

days).
Material g/in2 V/mila Material g/in2 Mils V/mila
A1F3 0.075 1.5 .- CuBr2 0.301 ~-- —-——
SbF3 0.161 2.2 1.3 CuCl 0.267 4.7 0.6
ASF3 0.119 2.7 1.1 CuCl2 0.181 3.6 c.8
8203 0.031 1.1 —-—— CuCO3 0.166 2.5 1.3
CdCl2 0.247 3.8 0.6 CuF 0.223 --- —--
CdF2 0.203 CuF, 0.138 .9 1.2
CrCl2 0.166 . Cul 0.514 .6 0.4
CrCl3 0.143 . Cu (10 0.558 .6 -
CrF2 0.122 . Cu20 0.193 .0 1.1
CrF3 0.099 cuQ 6.108 .0 2.3
CrI2 0.413 —~—— Cuzs 0.215 2.3 0.9
CrO3 n.045 - CusS 0.230 1.7 1.3
Cr203 0.069 - CuSO4 0.216 3.7 0.9
CoEr2 0.296 0.6 AuBr 0.748 5.8 0.6
CoCl2 £.176 0.7 AuBr3 0.393 -~~~ -
Cocl3 0.14% -—- AuCl D.628 5.2 0.7
COCO3 C.161 1.0 A\:lC..3 0.273 4.3 0.8
COF2 0.131 1.6 Aul 0.875 6.4 0.4
Co}?3 0.100 2.2 Auzo3 0.200 =--- -
COI2 0.423 0.5 InF3 0.154 2.2 -
Co0 0.101 - 1205 0.090 . -
C°203 0.074 ——— FeBr2 0.292 0.6
C0304 C.081 —-—-- FeC12 0 171 0.7
CoS 0.123 1.5 FeCl3 0.14% . 0.8
CuBr 0.387 0.5 FeCO3 0.157 2.5 1.0

av vs Li.
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Table C-XII. 7'. .- . {inorganic) material requirements

(L0 uA/inz for 39 days) - Continned.

Material g/in’ Mils V/mil® Materiai g/in’ Mils v/mil®

3
3
2
3
3
3
3
2
3
3
k
2
3
3
%
i

FeF, 0.127 1.9 1.5 HgSO, 0.101 3.8 0.8
FeF, 0.101 1.9 1.4 MoO, 0.065 0.9  ---
FeI, 0.419 4.8 0.4  WNidr, 0.296 3.9 0.6
Fe,0, 0.672 0.8  =---  NiCl, 0.176 3.0 0.9
Fe,0, 0.078 0.9  ---  WiCO, 0.161 --=  -=-

Fe(OH), 0.121 2.2 1.0 NiF, 0.131 1.7 1.5 :

f FeS 0.119 1.5 1.3  NiI, 0.423 4.5 0.5 :

3 Fe,S 0.107 1.5 —— NiO 0.101 0.8 --- ;
- PbCl, G.375 3.9 0.6 Ni,0, 0.223 2.8 ---
PbF., 0.331 2.5 1.2 Ni(0H), 0.126 1.9 1.2

Pbo, 9.162 1.1 2.2 Nis, 0.123 1.4 1.5 :

PbS 0.322 2.6 0.8  Ni,S, 0.162 1.7  =--- ]

PbSO, 0.409 1.0 0.6  KI 0.448 P.8  --- §

MnBr 0.296 4.0  ---  KIO, 0.621 10.5  --- :

MnCl 0.170 3.5 -—- X.,SG 0.235 5.3 --- ;

2 2”74 é

MnF, 0.126 1.9 1.2  K,5,0,  0.365 8.9  --- i

MnF 0.101 1.8 1.3  AagBr 0.508 4.8 9.5 :

MnI, 0.417 5.1 -—— AgCl 0.386 4.2 0.7 ;

MnO 0.096 1.1  ---  AgCN 0.181 2.8  =—-- g

Mno, 0.059 0.7 ~—- AgF 0.343 3.6 1.2 :

Mn,0, 0.672 1.0  ---  AgF, 0.197 2.6 .0 i

Mn;0, 0.077 1.0 ——- AgI 0.635 6.8 .3 ;

HgCl, 0.366 4.1 0.8  Ag,O0 0.313 2.7 1.1 ;

HgO 0.293 1.6 1.6  AgO 0.167 1.4 . :

Has 0.315 2.4 1.0 Ag,S 0.335 2.8 . §

3y vs Li. ;
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Table C~XII.

(100

Cathode (inorganic) material requirements
pA/in2 for 30 days)- Continued

Material g/in

2

Mils

v/mil?

Material

g/in2

Mils

V/mil1l?

AgZSO
NaBO3
NaIO3

TiCl

sno 2

SnS
B
T1-3
1P
Tl.4
vCl

2
VCl3

3

0.421
0.221
0.535
0.648
0.103

0.204
0.095
n.o84
0.165
0.140

407

0.7

1.2

-

0.8

VZO

ZnBr

5

2

ZnCl.,
2
Zan

ZnI

ZnQ
2ns

2

0.049
0.304
0.184
0.13?
o3l

0.109
0.131

11c

Y vs Li.
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